ABSTRACT I\ fOST English walnuts in California are dried on lYlfarm in batch dehydration systems. The drying season lasts from September through the end of October. Heated air, at temperatures up to 43oC, is forced through the fixed bed dryers. Temperatures above 43oC will cause oil in the nut meat to become rancid (Woodroof, 1978). The initial moisture content of the nuts ranges from 15 to 50% (dry basis), and they are required to be dried to 8.7Vo.
MATHEMATICAL MODEL
The four equations that describe fixed bed drying are given in Brooker et al. (1974) . The unknowns are air temperature, humidity, walnut temperature and moisture. At low air flow rates. such as those used in batch walnut drying, the walnut and air temperatures are nearly the same. Preliminary simulation runs using all four equations showed that the predicted walnut and air temperatures were within 0.5oC of each other. This has also been observed in laboratory walnut drying experiments. Similar results in cereal grain drying have been observed by other researchers (Bakker-Arkema et &1.,1977). Because of this, the product and air temperatures were assumed to be equal and the number of equations reduced by one. A finite difference technique similar to that developed by von Rosenberg et al. (1977) was employed to solve the three simultaneous partial differential equations. These equations were substituted into the fixed bed computer program. Several changes were made in the program at the same time. The primary ones were the inclusion of a fixed time step, and addition of function subprograms to calculate the ambient air temperature and relative humidity from interpolation of the ambient weather data. Rewetting was allowed as an option using the same thin layer equation. Limited data arc available on rewetting. The thin layer equation for drying predicts a faster rewetting rate than the experimental data. (AlvesFilho et al., 1983).
PROCEDURES Experimental Drying Tests
A series of deep bed ambient air drying tests ranging in length from four to seven days were conducted during the Fall of t979. A 1 .52 m deep bed was constructed with five small plywood bins, each 30.5 cm high and 40.6 cm square in cross section. Each bin was lined on the inside edges with a foam pad, and had an expanded metal bottom. The bins were stacked one on top of another, and were placed on a plenum chamber. The top bin was protected from rain and direct sun by a small plywood roof. at the top of each of the bins using copper-constantan thetmocouples. Temperatures were recorded on paper tape and cassette tape at one half-hour intervals on a Campbell Scientific CR-5 digital data logger. Ambient air temperature and relative humidity were continously recorded with a mechanical hygrothermograph. Walnut moisture contents were determined twice each day of the test, in the morning and late afternoon. A random sample of seven nuts was taken from the top of each bin for moisture determination. The whole nuts were ground in a blender, and 30 gram samples were oven dried at 100oC until there was no change in weight. This usually took two days.
Three ambient air drying tests were conducted during the Fall of 1980. The first two tests were at a walnut orchard in Woodland, CA, and the last at an orchard in Wheatland, CA. A new dryer was used for these tests. It was constructed of 38.1 cm diameter PVC plastic tubing, and was 3.05 m high. Air flow was supplied by a Dayton Model 2C940 centrifugal blower. The dryer and blower were both mounted on a Fairbanks Morse Model ll24l. platform scale.
Air flow rates were measured directly with a vane anemometer. They were confirmed by recording the pressure drop from the dryer plenum and the dryer exit, and using empirical data on pressure drop versus air flow rate (Rumsey, 1981) . Air temperatures were monitored at76.2 cm intevals every 15 min. Ambient air dew point was measured with a hygrometer. The wet bulb temperature was measured with a thermocouple covered with a wet cotton wick and positioned near the blower inlet. All temperature data were recorded on paper tape and magnetic tape with the Campbell Scientific CR-5 data logger.
Nut samples were taken at the beginning and end of each test. The weight change of the nuts in the dryer was measured three times each day; in the early morning, at noon, and late afternoon. These data were used to compute the average moisture content of the nuts in the dryer.
The temperature data were transferred to disk files on a LSI-11 computer. A FORTRAN computer program was written to reduce, analyze and plot the data. A twenty term Fourier sine-cosine series was used to fit the inlet air dry bulb, wet bulb, and dew point temperatures for each test.
Drylng Slmulatlons
Ambient dry bulb temperatures and relative humidity's at 3 h intervals from three California locations; Red Bluff, Sacramento, and Fresno, were used in the simulation program. Eleven years of data (1969) (1970) (1971) (1972) (1973) (1974) (1975) (1976) (1977) (1978) (1979) Drying simulations were started at noon on the 1st and 16th of each month. If the walnuts had not finished drying within 148 h, the simulation run was terminated. Preliminary tests indicate that mold growth may begin if drying is not completed within this time. Also, the required dryer space becomes prohibitive with large drying times.
RESULTS

Experlmental Drylng Tects
A summary of test conditions and results for the experimental drying tests are given in Table 1 . The initial moisture contents decreased with later harvest dates. During the 1979 tests, walnuts harvested on September 26th had a moisture content of 36.3T0 while those harvested on October 29th were at l4.3Vo. This is a phenomenon that has been noted in walnut production. For most years, little drying is required at the end of the harvest season.
Air flow rate per unit bed volume ranged from 10. to 12. m3ls-m: in the 1979 tests. This corresponded to the flow rates recommended by Thompson et al. (1978) . During the 1980 tests, the air flow was kept at24. mt/sm3 which is in the range recommended for heated air drying (Thompson, 1981 ).
Test runs were ended when the average moisture content was near 8.77o or when rainy weather conditions halted dryrng. Test numbers 79-2, 79-3 and 79-5 were all stopped because of rain.
Measured and predicted final average bed moisture contents are given in the last column of Table 1 , The average difference between measured and predicted final moisture is 0.28% with a standard deviation of l.25Vo. Plots of measured and predicted average bed moisture versus time for test 79-1 are given in Fig. 1 . The drying rate is much faster during daylight hours due to higher ambient temperatures and lower relative humidities.
Predicted and measured moisture content profiles for tests 79-1 and79-4 are given in Figs. 2 and3 respectively. Predicted and measured profiles after 48 hours of drying were within 2Vo for test 79-1 and lTo for test 79.4. At the end of the tests, the model consistently underpredicted the moisture profile by about 2.570 for test 79-1 while it l984-TRANSACTIONS of the ASAE was still within 1% for test 79.4. All of the above theoretical results were made without allowing rewetting. When rewetting was allowed, the model consistently overpredicted the final average bed moisture content by an average of 3,2To .
Drytng Slmulatlonc
A summary of the results from the simulations are given in Table2, A simulation was counted as successful if drying was completed within 148 h. For the first three starting dates, there were only three cases when the drying was not completed. In all of these cases, rain occurred during the drying period, and the resulting high humidities and low dry bulb temperatures would not allow drying to be completed in the required time. The success rate was lower on the October 16th starting date at all three locations. This was usually due to rain and periods of fog. For some clear days, the equilibrium moisture content corresponding to the minimum ambient humidity was always higher than the desired 8.7% moisture content.
Average drying times were lowest for the September 1st starting date, ranging from 37.8 h at Red Bluff to 64.3 h in Sacramento. Average drying times were higher by 10 to 20 h at Sacramento for all starting times except October lst when the average was the same as that for Fresno.
Average fan energy requirements ranged from 9.32 to 22.7 kW'h/t At 5 cents per kW'h, the corresponding electrical energy costs range ftom 47 cents to $1.L4/t (metric ton). This represents a savings of over $12/t over the average 1981 costs of $13.75lt for walnuts dried with heated air (Thompson, 1981) . The performance of ambient air walnut drying systems were evaluated with the model at Red Bluff. Sacramento and Fresno using eleven yeats of weather data. Ambient drying appears to be feasible until mid-October. Energy cost savings of about 90To are possible. Low temperatures and high relative humidities after October 16 would usually require auxiliary heaters to complete drying. 
NOMENCLATURE
Varlabler B : rate constant in thin layer equation, l/h c : specific heat, kJlkg-oC G = dry weight flow rate per unit bed cross sectional area, kg/h-m2 hrg = lrrt, of vapoization, kJlkg H = humidttl ratio, kglkg M : moisture content, dry basis, kg/kg M" : equilibrium moisture content, dry basis, kg/kg M. : initial moisture content, dry basis, kglkg rh = relative humidity, decimal T : both air and product temperature, oC t = time, h x : bed depth coordinate, m p = dry weight density, kg/m3 Subrcrlptr a =ait p : pfoduct v = vapor w : water I984-TRANSACTIONS of the ASAE
